Abstract: Lymphocyte function-associated antigen-1 (LFA-1) is an integrin protein that transmits information across the plasma membrane through the so-called inside-out and outside-in signaling mechanisms. To investigate these mechanisms, we carried out an NMR analysis of the dynamics of the LFA-1 I-domain, which has enabled us to characterize the motions of this domain on a broad range of timescales. We studied first the internal motions on the nanosecond timescale by spin relaxation measurements and model-free analysis. We then extended this analysis to the millisecond timescale motions by measuring 15 N-1 H residual dipolar couplings of the backbone amide groups. We analyzed these results in the context of the three major conformational states of the Idomain using their corresponding X-ray crystallographic structures. Our results highlight the importance of the low-frequency motions of the LFA-1 I-domain in the inactive apo-state. We found in particular that a-helix 7 is in a position in the apo-closed state that cannot be fully described by any of the existing X-ray structures, as it appears to be in dynamic exchange between different conformations. This type of motion seems to represent an inherent property of the LFA-1 I-domain and might be relevant for controlling the access to the allosteric binding pocket, as well as for the downward displacement of a-helix 7 that is required for the activation of LFA-1.
Introduction
Integrins are transmembrane receptor proteins that play key roles in mediating the attachment and communication of cells with their environments, including other cells and the extracellular matrix. [1] [2] [3] [4] [5] Integrins carry out these functions by interacting with cell surface proteins, such as cadherins, cell adhesion molecules, selectins, and syndecans, and with extracellular matrix proteins, such as collagens, fibronectins, and laminins. 6, 7 Lymphocyte function-associated antigen-1 (LFA-1, also known as aLb2 or as CD11a/CD18) is a particularly important integrin in leukocytes, the cells that combat infection and disease by eliminating foreign materials and cellular debris, as well as infectious agents and cancer cells. Through its interaction with intercellular adhesion molecules, including in particular ICAM-1 (also known as Cluster of Differentiation 54), LFA-1 regulates the recruitment of leukocytes to the sites of infection or inflammation. [8] [9] [10] Like other members of the integrin family, LFA-1 carries out its function by transmitting information in two directions across the plasma membrane, in the so-called inside-out and outside-in signaling. 11, 12 During the inside-out signaling, intracellular signals elicited by chemokine and T-cell receptors rapidly upregulate the ability of LFA-1 to bind to ICAM-1. 13 Conversely, during the outside-in signaling, the binding of ICAM-1 to LFA-1 triggers the transmission of signals from the extracellular space into the cytoplasm, thereby altering gene expression and cellular metabolism. 2, 14 LFA-1 is an ab-heterodimer with a complex domain organization. It consists of an aL-subunit of 180 kDa and a b2-subunit of 95 kDa. 15 Each subunit is composed of a large N-terminal extracellular domain, a single a-helical transmembrane domain, and a short intracellular domain. 15 Among the extracellular domains, a 190-residue inserted domain located at the extracellular aL subunit, known as the I-domain, has been implicated as a critical ICAM-1 binding site. 11, [16] [17] [18] [19] The I-domain has been the subject of many research efforts aimed at deciphering the mechanism of bidirectional signaling in LFA-1.
14,20,21
The I-domain adopts a Rossmann-type fold with a central hydrophobic six-stranded b-sheet surrounded by seven amphipathic a-helices (Supporting Information Fig. S1 ). The ICAM-1 binding site is located at its upper face. The binding site is commonly known as the metal-dependent ion-adhesion site (MIDAS) because it coordinates a single Mg 21 ion, which is necessary to achieve a high binding affinity. In previous structural studies, it has been observed that the I-domain exists in multiple conformational states. 10, 12, 22 22 Considerable attention has been focused on the importance of the allosteric activation of the Idomain in the regulation of the outside-in and inside-out signaling. 14, 20, 21 To date, the structural mechanism of this activation has been almost exclusively studied by X-ray crystallography. In these studies, structures of the wild-type I-domain and its mutational variants have been obtained at various conditions, including in the closed apo-state, 23, 28, 29 in a closed state stabilized by allosteric inhibitors bound to the hydrophobic binding pocket adjacent to a-helix 7, [24] [25] [26] [27] in an intermediate state stabilized by engineered disulfide bonds, 22 and in an open active state stabilized by engineered disulfide bonds, 22 antibody fragments, 13, 22, 30 and ICAM ligands. 31 Although a general mechanism that couples the conformation and affinity of the I-domain has been laid out in these studies, the detailed dynamics of this coupling are yet to be determined. In the only NMR study of LFA-1 to date, 32 the solution structure of the apo I-domain has been determined from NOESY restraints. This solution structure shows structural differences in comparison with available X-ray structures, which are most prominent in the conformation of a-helix 7. Measurements of protection factors from equilibrium hydrogen exchange in the same study imply that ahelix 7 undergoes "breathing" and "segmental" motion in the apo-state that might be important for the activation of LFA-1. Here, we extend the analysis of the allosteric coupling between the MIDAS binding site and ahelix 7 in the apoLFA-1 I-domain by a detailed study of its backbone dynamics. We report on the motions of the I-domain on a broad range of timescales. First, we study the internal motions on the fast timescale by spin relaxation measurements and model-free analysis. We then broaden this analysis to the slow timescales by measuring 15 Tables S1 and S2 . The data measured at 500 MHz (green curve) and 700 MHz (black curve) show similar patterns (Fig. 1) .
As is commonly observed for folded proteins, the R 1 values are fairly similar throughout the sequence and only show increased variations at the two termini. The R 2 values, on the other hand, exhibit more pronounced variations along the sequence. Interestingly, however, the R 2 values of a-helix 7, which is of crucial importance for the allosteric regulation of LFA-1, are not significantly different from the overall average values of the I-domain. In addition, particularly striking is the increase in the R 2 values in the a1-b2 loop [residues 161 to 165; Supporting Information Fig. S1(b) ]. The 15 N linewidths of these residues are also larger than the average line widths from the remainder of the 15 N assigned resonances. The increase of their R 2 values arises most likely from a local conformational averaging of the a1-b2 loop at a rate comparable with the chemical shift differences of the various conformational forms.
When the internal motions take place on the fast timescale, the correlation frequencies for the internal motions affect R 1 and R 2 to the same extent. Thereby, under these conditions, the R 2 /R 1 ratio depends only on the overall molecular tumbling correlation time, s m , and can provide a useful initial estimate of the s m value itself. 33, 34 The values of R 2 / R 1 are given in Figure 1 (c) and show a similar trend to the R 2 values [ Fig. 1(a) ]. An initial estimate of s m was obtained from the 10% trimmed mean of the R 2 / R 1 ratio. 33 The mean R 2 /R 1 values measured at 500
and 700 MHz were found to be 10.19 and 22.7, respectively, and yielded an estimate s m 5 12.2 ns. The residues for which R 2 /R 1 is higher than one standard deviation are shown in Supporting Information Figure S2 . The majority of the identified residues are positioned at the loop regions (Leu161-Ser165, Asp191, Glu222, Gly225, Thr267, Thr273, and Lys276) or form hydrogen bonds and hydrophobic interactions with these residues (Phe168, Ser184, and Asp185). Among three outliers, residues Lys155 and Asp297 belong to a-helices 1 and 7, respectively. These two residues are located at positions that correspond to kinks in the two a-helices according to an analysis of the secondary structure populations ( Fig. 2 ), which were estimated from the chemical shifts using the d2D method. 35 The last outlier, Ile258, belongs to b-strand 6 and has been speculated to be involved in the allosteric regulation of the LFA-1 I-domain. MHz (green) and 700 MHz (black). The a1-b2 loop region (residues 161-165) and a-helix 7 are highlighted in blue and red, respectively.
significant decrease in the peak intensity ratio. This residue has a negative NOE value, which suggests the presence of significant contributions from rapid internal motions.
Model-free analysis
Relaxation data were analyzed by using both isotropic motion and axially symmetric motion models.
As no statistically significant improvement in the axially symmetric model over the isotropic model was observed, we will only report here the results obtained from the isotropic model. The S 2 order parameter values were simultaneously fitted using the datasets measured at 500 and 700 MHz with the Model-free 4 software. 36 The S 2 value of a residue was determined by choosing a suitable model as outlined in the work of Palmer and coworkers. 37 The optimized global value of s m was determined to be 12.30 6 0.05 ns, in good agreement with the value calculated from R 2 /R 1 ratio.
Optimized values of the model-free parameters are reported in Supporting Information Table S3 , and the sequence distribution of the S 2 values is shown in Figure 3 . (Fig. 4) . One of the reasons for the discrepancy may be the fact that Bfactors are sensitive to both fast and slow timescale dynamics, whereas 
RDC values of the LFA-1 I-domain
While NMR spin relaxation rates mainly describe motions on the nanosecond timescale, RDCs can be used to study motions on the millisecond timescale. 38 Therefore, to probe internal motions in the LFA-1 I-domain on these slow timescales, we measured 15 Table S4 ). The measurements were repeated twice, and the errors were found to be of about 1 Hz. In Pf1, the maximum chemical shift perturbations of the backbone amide hydrogen and nitrogen atoms were found to be 0.1 and 0.3 ppm, respectively. Therefore, we concluded that the structure of the LFA-1 I-domain is not significantly perturbed in the presence of Pf1 under the conditions of our experiment.
To assess the importance of the dynamics of the LFA-1 I-domain on the timescale probed by the RDC measurements, we validated the previously determined structures of the I-domain using the RDCs themselves. The level of agreement is reported using the Q-factor [Eq. (1)]. To predict the values of the RDCs, the magnitude and orientation of the alignment tensor relative to the molecular frame were obtained using a singular value decomposition-based method, 40 where the RDCs of residues belonging to b-strands 1, 2, 4, and 5 were used for the calculation of alignment tensors. These b-strands belong to the central b-sheet and correspond to the region with the lowest crystallographic B-factor in the protein [ Fig. 4(a) ]. The RDCs of the remaining residues were back calculated and used to determine the Q-factors.
The agreement between the experimentally determined RDCs and those predicted on the basis of the X-ray structure of the closed apo-state (PDB ID: 1LFA) is low, having a Q-factor of 0.46 [ Fig. 5(a) ]. This value is higher than those typical of structures of similar resolution (1.8 Å ), which have Q-factors in the range 0.2-0.25. 41 The relatively high value of the Q-factor comes, at least in part, from the residues in a-helix 7, whose Q-factor is 0.88-a value significantly higher than those obtained for the other secondary structure elements [ Fig. 5(a) ]; for example, the Q-factor calculated for residues in the a1-b2 loop (blue) and in the MIDAS site (green) is 0.38.
To assess whether the agreement with the experimental RDCs can be improved using other conformations of the LFA-1 I-domain, we carried out the same analysis using representative structures of the closed inhibitor-bound state (PDB ID: 1CQP) and the open state (PDB ID: 3TCX). The overall Q-factor from the closed inhibitor-bound conformation is 0.43, whereas values 0.80, 0.87, and 0.34 are found for a-helix 7, the a1-b2 loop, and the MIDAS site, respectively [ Fig. 5(b) ]. Interestingly, there is almost no difference between the Q-factors obtained from the closed apo-state and closed inhibitor-bound state except for residues in the a1-b2 loop. This result most probably comes from the fact that residues in the a1-b2 loop in the structure with the inhibitor are closely packed against a-helix 7, unlike the case in which the inhibitor is not present. On the other hand, the Qfactors obtained for the open active state are significantly higher [ Fig. 5(c) ]. The overall Q-factor is 0.80, with values of 1.57, 0.87, and 0.78 for a-helix 7, residues in the a1-b2 loop, and in the MIDAS site, respectively. In the open active state, a-helix 7 is shifted down the side of the I-domain, and the MIDAS residues are in the open conformation. These conformational changes are the main reason for the increase in the Q-factor.
Even when ensembles of available X-ray structures from the PDB were used in fitting the alignment tensors, no improvement in the Q-factor was recorded. An overview of the Q-values calculated for different states and different regions in the protein is reported in Figure 6 . The lowest value of the overall Q-factor was obtained from the ensembles of structures that represent the closed inhibitor-bound inactive state (Q-factor of 0.4) and the closed apostate (Q-factor of 0.46). A higher overall Q-factor was found for structures in the open active state (Q-factor of 0.58). In addition, the only NMR structure of the apo LFA-1 I-domain in the PDB (PDB ID: 1DGQ) has a Q-factor of 0.76, whereas the only crystallographic structure of an apo LFA-1 I-domain variant in the intermediate state (PDB ID: 1MJN) has an overall Q-factor of 0.52. Independently from the activation state of the I-domain, the Q-factors corresponding to a-helix 7, which range from 0.80 to 1.53 depending on the structure used, are consistently the highest ones among all secondary structure elements in the protein. This large discrepancy between the experimental and calculated RDCs for a-helix 7 suggests that this a-helix is likely to be highly dynamic on the timescale relevant to the RDC experiments, although it is possible that a difference between the position of this a-helix in solution and in the crystal could also play a role.
To further test these conclusions, we carried out a calculation in which we used the RDCs as conformational restraints in a single-structure refinement. The results indicate that because of the dynamics of this domain, imposing the RDC restraints on a single structure results in conformational distortions, in particular corresponding to a-helix 7 (Supporting Information Fig. S3, red box) . 
Discussion and Conclusions
The role of LFA-1 conformational changes in the bidirectional transmission of signals across the plasma membrane of leukocytes has been the object of intense scrutiny. 42, 43 To date, three different conformations of the LFA-1 I-domain (closed, intermediate, and open) have been observed in X-ray structures. In all three conformations, the allosteric mechanism between the C-terminal a-helix 7 and the MIDAS residues is thought to play a central role in the bidirectional signaling process. However, a full understanding of the intrinsic dynamics of the LFA-1 I-domain and its role in the allosteric mechanism is currently still lacking. In a previous study, 32 the backbone flexibility of the I-domain was assessed by heteronuclear 15 N-1 H NOE measured for the backbone amide groups and by hydrogen/deuterium exchange protection factors of the same groups. The reported low NOE values of a-helix 7 and their limited protection from hydrogen/deuterium exchange indicated a high flexibility of this a-helix in the closed apo-state. Such high flexibility of a-helix 7 was suggested to play an important role in LFA-1 activation. 32 Here, we have extended the analysis of the dynamics of the Idomain by studying it on timescales that have not been explored so far. In particular, we have determined R 1 and R 2 relaxation rates and further used them in the model-free analysis. In addition, we have measured the RDCs of the LFA-1 I-domain in Pf1 and used the obtained values to validate the three conformational states observed in the X-ray structures. Surprisingly, the S 2 values determined from the model-free analysis showed very restricted motions of the I-domain on the picosecond to nanosecond timescales. The majority of the backbone amide groups exhibited S 2 values greater than 0.9.
Therefore, even though a rapid interconversion between the inactive and active states is necessary for the function of LFA-1, the motions on the picosecond to nanosecond timescales do not seem to play a crucial role in this interconversion. The only residue with an S 2 value below 0.8 was
Asp191
. The large conformational fluctuations of Asp191 were also confirmed by the significantly lower NOE value in comparison with the rest of the protein. This residue is positioned between ahelices 2 and 3, and according to a secondary structure population analysis (Fig. 2) , it interchanges between the coil and a-helical secondary structure conformation. From the 15 N R 2 measurements, we found that residues 161-165 in the a1-b2 loop have R 2 rates indicative of chemical exchange in this region. The a1-b2 loop is positioned in the proximity of a-helix 7, and in many X-ray structures this region is coupled to a-helix 7 by hydrophobic interactions between residues Leu161 and Ile306. This coupling might reflect the breathing motion of a-helix 7 that was previously detected in the hydrogen/deuterium exchange experiment, 32 although it could also be an artifact of the proximity of the a1-b2 loop to the disordered C-terminus of the I-domain. Apart from residues in the a1-b2 loop, the majority of other residues with unusually high or low R 2 /R 1 values are positioned either in the loop regions or interact with these loop regions. However, two outliers, residues Lys155 and Asp297 that belong to ahelix 1 and a-helix 7, respectively, were detected. Interestingly, these two residues are positioned at the kinks of the two a-helices according to the secondary shift analysis. The chemical exchange of residue Asp297 might be a cause of the breathing motion of a-helix 7 on the timescale of the R 2 measurement. The dynamics of the I-domain were further explored on the slower timescale by measuring the backbone amide RDCs. Validation of the X-ray structures in the closed apo, closed inhibitor-bound, intermediate, and open conformation unequivocally suggests that the conformation of a-helix 7 cannot be described with any of the currently available Xray structures of the LFA-1 I-domain. Similar results were reported for the back calculated RDCs of a-helix 7 from the only NMR structure of the LFA-1 I-domain. 32 On the other hand, we have
shown that the RDCs of allosterically coupled MIDAS residues are in better agreement with the back-calculated RDC values, except in the case of the open active conformations. This is a consequence of the MIDAS site rearrangements in the open active conformation necessary for high-affinity ligand binding. We anticipate that the use of multistate relaxation-dispersion measurements will further clarify the dynamical behavior of the LFA-1 Idomain in particular by allowing accurate exchange rate measurements. Taken together, the results that we have reported suggest the importance of the lowfrequency motions of the LFA-1 I-domain in the inactive apo-state. Among the structural elements, we have identified a-helix 7 as being highly dynamic on the millisecond timescale, although less so on the nanosecond timescale. The RDC measurements indicate that the true position of this a-helix in the closed apo-state can neither be explained by any of the existing X-ray structures nor by individual NMR structures, as it is in a dynamic exchange between many conformations. The conformational fluctuations of a-helix 7 can be described as an inherent property of the I-domain, which might be relevant for controlling the access to the allosteric binding pocket as well as for the downward displacement of a-helix 7 that is necessary in the activation of LFA-1.
Materials and Methods
Expression and purification of the LFA-1 I-domain 15 N isotropically labeled LFA-1 I-domain residues 127-311 (GenScript, UK) were expressed from pET17b vector (Novagen, UK) in E. coli BL21(DE3) cells (Invitrogen, UK) by growth in the M9 minimal medium supplemented with 3 g/L 15 NH 4 Cl. The protein was purified following the procedure by Legge et al. 32 After completion of the procedure, the identity of the protein was confirmed by electrospray mass spectrometry, which showed that the Nterminal methionine had been cleaved.
NMR sample conditions
An NMR sample was prepared in a buffer containing 10 mM sodium phosphate (pH 7. For the R 1 and R 2 measurements, a recycle delay of 2 s (1.8 s for R 1 measurements at 700 MHz) was used between the transients; for the NOE measurements, this value was 5 s. During the R 2 measurements, the CPMG refocusing pulses in the relaxation delay caused sample heating. Therefore, heat-compensating pulses were applied in the beginning of each R 2 experiment so that the same refocusing pulse lengths were used in each relaxation experiment. The relaxation delays in both R 1 and R 2 pulse sequences together with the corresponding heat-compensating pulse lengths were similar to those reported in Ref. 44 and are listed in Table II . Relaxation curves corresponding to the spectra 
Model-free analysis
The amplitudes and timescales of the intramolecular motions of the I-domain of LFA-1 were determined from the relaxation measurements by using the model-free formalism. [45] [46] [47] For the selection of the dynamical model describing internal motions in a residue-specific manner, a standard numerical optimization procedure 37 was used. Model-free parameters were determined from relaxation data by simultaneously fitting the R 1 , R 2 , and NOE values obtained at 500 and 700 MHz using the Modelfree4 software (version 4.20) . 36 An initial estimate of the overall rotational correlation time, s m 5 12.2 ns, was obtained from the 10% trimmed average of R 2 /R 1 (Ref. 33 ) and was optimized later. The R 2 /R 1 values corresponding to individual residues were similar throughout the protein suggesting isotropic motion. A grid search was used to obtain initial guesses of the other model parameters. After the fitting procedure, the best model for each individual residue was selected following the F-statistics-based procedure. 37 Statistical properties of the model-free parameters were calculated from Monte Carlo simulations using 200 randomly distributed synthetic datasets. 36 The results were obtained assuming both axially symmetric and isotropic rotational diffusion. The fitted values of the model-free parameters were almost identical for both isotropic and axially symmetric models, and only the results from the isotropic diffusion model are reported here.
Residual dipolar coupling measurements
For the measurement of 15 N-1 H RDCs, bacteriophage Pf1 magnetic resonance cosolvent containing 10 mM potassium phosphate at pH 7.6, 2 mM MgCl 2 , and 0.05% NaN 3 was used (Asla Biotech, Lavita). 39 The concentration of Pf1 in the stock solution was 50 mg/mL. About 55 lL of the Pf1 stock solution was added to the 15 N-enriched LFA-1 Idomain sample in the NMR buffer, resulting in a final protein concentration of 100 lM and a final volume of 160 lL. The sample was then kept at 4 C for 3 h allowing the bubbles to float to the top. Next, the sample was centrifuged at 3000 rpm for 1 min to remove the Pf1 precipitates. Finally, the sample was transferred into a 3-mm NMR tube and kept at 4 C for another 3 h to let the bubbles float to the top. The 15 N-1 H RDCs were measured on a Bruker 
